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ABSTRACT 
The gravitational attraction between the sun, moon and the earth gives birth to oceanic tides which lead to 
pressure fluctuations in the reservoir. Pressure fluctuations may cause the saturation distribution in the 
transition zone to be different from what would be predicted using capillary pressure data and capillary-
gravity equilibrium. This in turn may affect calculation of hydrocarbons initially in place. 
 
The main focus of this project is to investigate the impact of these tidally induced pressure changes on 
the saturation distribution within the transition zone and its effects on the oil-water contact depth 
overtime. Experimental data from previous experimental investigations carried out by Iglauer and 
Muggeridge (private communication) were analysed. Three, 1m sand pack columns containing air and 
water were exposed to sinusodial pressure waves for 90 days. A fourth column served as the control 
column and was not exposed to tidal effects but left to drain naturally under gravity. A numerical 
simulation study of the homogenous two-phase flow model of water and air was also carried out to 
investigate the effect of tidally induced pressure changes for longer timescales. The numerical model was 
validated by matching the experimental results, allowing for experimental errors.  
 
A comparison was made between the reservoirs exposed to tidally induced pressure changes and 
reservoirs under gravity drainage. Analysis of results obtained showed that tidally induced pressure 
changes alter the water saturation distribution in reservoirs especially in the transition zone as opposed to 
what would be expected from hydrostatic equilibrium and capillary pressure. 
 
The application of this research has the potential to reduce the uncertainities associated with the 
calculation of the original oil in place (OOIP) of oil reservoirs, i.e using the capillary pressure curves to 
determine the oil-water contact depth as well as the thickness of the transition zone. 
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Abstract 
The gravitational attraction between the sun, moon and the earth gives birth to oceanic tides which lead to pressure fluctuations 
in the reservoir. Pressure fluctuations may cause the saturation distribution in the transition zone to be different from what 
would be predicted using capillary pressure data and capillary-gravity equilibrium. This in turn may affect calculation of 
hydrocarbons initially in place. 
 
The main focus of this project is to investigate the impact of these tidally induced pressure changes on the saturation 
distribution within the transition zone and its effects on the oil-water contact depth overtime. Experimental data from previous 
experimental investigations carried out by Iglauer and Muggeridge (private communication) were analysed. Three, 1m sand 
pack columns containing air and water were exposed to cosinusodial pressure waves for 90 days. A fourth column served as 
the control column and was not exposed to tidal effects but left to drain naturally under gravity. A numerical simulation study 
of the homogenous two-phase flow model of water and air was also carried out to investigate the effect of tidally induced 
pressure changes for longer timescales. The numerical model was validated by matching the experimental results, allowing for 
experimental errors.  
 
A comparison was made between reservoirs exposed to tidally induced pressure changes and reservoirs under gravity 
drainage. Analysis of results obtained showed that tidally induced pressure changes alter the water saturation distribution in 
reservoirs especially in the transition zone as oppose to what would be expected from hydrostatic equilibrium and capillary 
pressure. 
 
The application of this research has the potential to reduce the uncertainities associated with the calculation of the original 
oil in place (OOIP) of oil reservoirs, i.e using the capillary pressure curves to determine the oil-water contact depth as well as 
the thickness of the transition zone. 
 
 
Introduction 
Many oil reservoirs contain a significant transition zone, where fluid saturations vary with depth (Jackson et al., 2005).The 
transition zone is the reservoir interval where both oil and water are mobile. The top of a transition zone usually contains oil 
along with connate water, while the bottom of the transition zone is fully saturated with water (Jackson, et al.  2005). Typical 
transition zones for reservoirs vary from a few metres to several hundreds of metres in thickness. Correct prediction of the 
transition zone is important as it contains a significant proportion of the oil in place. The height of the transition zone and the 
distribution of oil and water within it are controlled by the density difference between the fluids and the capillary pressure 
curve using the equation, ghPc  , where cP   is the capillary pressure, g  is the acceleration due to gravity and h  is the 
height of the transition zone. 
                                          
Capillary pressure measurements are often taken as a function of the water saturation of the reservoir rock in the laboratory 
using a centrifuge. Wrong capillary pressure measurements lead to wrong oil-water distribution predictions; typically, capillary 
pressure measurements are used to predict the distribution of oil in the transition zones using a reservoir simulator after 
appropriate scaling for different rock and fluid properties (Ahmed and Tarek, 2006). 
 
 
It should also be noted that saturation distributions of reservoirs observed in logs often do not agree with calculations from 
laboratory measurements of
cP . Various factors ranging from the heterogeneity of the reservoir (Archie 1942) to the wettability 
of the reservoir (Jackson et al., 2005) can be responsible for this; another factor contributing to this may be the influence of the 
tides on the water saturation distribution. 
Imperial College 
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Tides are caused by the changing gravitational forces between the earth, the sun and the moon and  are manifested in the 
sea by the alternating vertical displacements of the sea surface, coupled with horizontal movements of the water that are called 
tidal currents (Butikov, 2002). They result in changing pressures within aquifers and hydrocarbon reservoirs (Zinszner et al, 
2007) which in turn can result in changing water table levels or oil-water contacts .The effect of water table fluctuations have 
also been previously analysed by Cartwright et al. (2009). They investigated the effect of these fluctuations on the effective 
porosity of a sand column in a laboratory experiment. 
Various publications (Spanos et al., 2003) have shown that higher frequency artificial oscillations in pressure lead to flow 
enhancements and hence improved oil recovery. The amplitude and frequency of the tidally induced pressure waves are much 
smaller; nevertheless over a long period of time, they could affect the gravitational segregation of oil and water in the reservoir 
and hence alter the oil-water contact depth. 
 
Capillary pressure curves are used to estimate the oil-water distributions above the oil-water contact in reservoirs. These 
values in turn affect the calculation of the original oil in place in the reservoir, as can be seen from the equation:  
o
o
B
SGNGRV
STOIIP


/
 
 
where GRV is the gross rock volume of the reservoir, calculated as the total surface areaof the reservoir multiplied by the 
height of the reservoir. The height of the reservoir is measured from the top of the reservoir to the oil water contact depth. 
N/G is the net to gross ratio,   is the porosity of the reservoir, oS  is the oil saturation and oB is the oil formation volume 
factor. 
 
                         
              Figure 1: Schematic of a typical oil reservoir, showing the oil-water contact, (after Schlumberger Oilfield Glossary) 
 
The objective of this project was to analyse data from the analogue experiments performed by Iglauer and Muggeridge (private 
communication) to investigate the influence of tidally induced pressure changes on the oil-water saturation distribution in the 
transition zones, it also investigates how pressure variations induced by tidal waves lead to fluctuations in the oil-water contact 
depth of reservoirs. A 1-D numerical model was built to predict experimental observations and to observe the effect of tides on 
capillary-gravity equilibrium and saturation in the transition zone over a longer time scale. 
 
 
 
 
 
  
(1) 
3 
The impact of tides on water saturation distribution   in the transition zone 
 
Review of experimental work  
Gravity drainage in reservoirs is a common research topic. Better understanding of this phenomenon may lead to improved oil 
recovery in reservoirs. Previous attempts have been made to investigate gravity drainage, and its dominating forces, 
experiments have been performed by Sahni et al., (1998) and Dicarlo et.al (2000a, b). Experimental and numerical analysis of 
the oil recovery by gravity drainage was also investigated by Di Donato et al., (2006). The main focus of this report is on two 
laboratory experiments previously carried out by Iglauer and Muggeridge (Private communication). 
 
Time dependence of gravity drainage in a porous medium  
Four, 1m long sand pack columns were slurry packed with unconsolidated water-wet Ottawa F42 sand.  To minimize the 
effects of evaporation, a 0.5m long plastic tube was connected to the column inlet at the top of the columns, with the ends 
sealed with parafilm. Each column was fitted with nine-non corrosive electrode pairs, placed at 10cm intervals in the column to 
measure the resistivity at different depths.Resistivity was measured at 100% brine saturation state in all the columns for 24 
hours. The top inlet and bottom outlets were then opened at the same time to allow air enter the column from the top and the 
brine to drain freely from the bottom of the column. The resistance across each electrode pair was measured continuously for a 
drainage period of 24 hours. Fig.2 shows the experimental set-up used. 
 
 
 
Figure 2: Pictural illustrations of experimental set-up, obtained from Iglauer and Muggeridge (private communication)                                                                                                                               
Iglauer and Muggeridge (private communication) concluded by noting that water drainage at any given depth in the experiment 
had a power law dependency on time, and hence drainage in the experiment was dominated by gravitational forces rather than 
capillary effects. Equations for this conclusion are described in the analysis section of this report, Eq.10. 
Experiment on tidal influences on oil-water distribution in a sand pack column 
This experiment was a continuation from the previous experiment. Here, the Column1 was used as the control column, the top 
and bottom of the column was closed and the residual water was allowed to drain freely under gravity for time duration of 4 
months (120 days). The remaining 3 columns were used as the test columns and were exposed to lunar semidiurnal M2 tides 
with a period of 12hr 20 mins. This wave was simulated by moving a brine reservoir upwards and downwards by ±20cm for 90 
days. The pressure waves led to slow water injection and production from the sand packs, continous resistivity measurements 
were also taken. Water saturation plots against time for the different column heights can be found in figure 11 of this report. 
 
 
 
 
 
 
 
 
Table 1: Sandpack properties at start of 
the tidal wave experiment, taken from 
Iglauer and Muggeridge (in press) 
Column Porosity  Swc F n m 
 
1 
 
0.40 
 
0.17 
 
8.15 
 
1.42 
 
1.90 
 
2 
 
0.41 
 
0.30 
 
7.27 
 
1.42 
 
2.25 
 
3 
 
0.36 
 
0.14 
 
8.04 
 
1.21 
 
1.22 
 
4 
 
0.39 
 
0.24 
 
6.51 
 
1.35 
 
1.28 
 
Average 
 
0.39 
 
0.21 
 
7.49 
 
1.35 
 
1.66 
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Analysis of analogue experiment 
Resistivity measurements were taken at every 10cm column depth and were converted to the corresponding water saturation, 
using Archie’s equation (Archie, 1942):  
n
m
t
w
w
R
Ra
S
1
.
.










                    
 
where a  is the tortuosity factor, m is cementation factor, wR is the resistivity of 100% pure brine, )(tR  is the resistance 
measured across the electrodes at any given time, and n is the saturation exponent, with a value 1.88, as predicted by 
percolation theory for 3D systems, Hunt (2004).  
Measured resistivity values at every time step were normalized against the resistivities measured at 100% brine saturation,  
 
 
 Figure 3: Primary drainage air-water capillary pressure curve 
     
The flow of multiple fluids in a porous medium is governed by three forces: capillary, gravitational and the external pressure 
differentials (Leverett, 1940). According to Li (2003), free fall gravity drainage is a gravity dominated process and the only 
resistance is the capillary pressure force. Fluid movement in a porous medium must obey two fundamental laws, Darcy’s law 
and the law of continuity (Cardwell and Parsons, 1940).  Darcy’s law for multiphase fluid flow is expressed as: 
 
)( g
z
Pk
Kq a
a
a
ra
a 





  
 
 
)( g
z
Pk
Kq w
w
w
rw
w 




  
where z axis is vertically downwards, 
aq and wq  are the air and water flow rates, µa and µw are the air and water viscosities, 
rak  and rwk are the air and water relative permeabilities respectively. K  is the absolute permeability of the porous medium, Pa 
and Pw are the air and water pressures respectively, a  and w  are the air and water densities and g is the acceleration due to 
gravity. 
Eq. 4 and Eq. 5 can then be added to give the total flow rate: 
 
g
k
K
z
Pk
Kg
k
K
z
Pk
Kq w
w
rww
w
rw
a
a
raa
a
ra
t 









  
The capillary pressure for this air-water system is given as: 
wac PPP  , and mobilities λ is defined as 

rk
 for air and water 
respectively. Eq. 6 can therefore be simplified, in terms of the mobilities and capillary pressure as: 
gK
z
P
KgK
z
P
Kq ww
c
aaa
a
tt  





  
 
where λa, λw, λt are the air, water and total mobilities respectively. 
 
The capillary pressure shown in figure 3 is the air-water 
capillary pressure curve, measured for the gravity 
drainage experiment performed by Iglauer.  This curve 
was generated using the function:  
)ln(, wcothrescc Sppp 
                                               
 
Where threscp , =2158 Pa and cop =1126 Pa.(Correa and 
Firoozabadi, 1996, Iglauer and Muggeridge(in press). 
 
Above the 100% water saturation region is the large 
transition zone for the sand pack column, calculated to be 
approximately 50cm in height. 
 
 (3) 
(2) 
(4) 
(5) 
(6) 
(7) 
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Di Donato et al., (2006), solved Eq.7 above for the fractional flow of the air fa and water phase fw. Pressure gradients were then 
eliminated in Eq. 1 and the water flow rate re-written as: 
 
z
P
KgKqfq c
t
wa
aw
t
wa
tww








)(                                                                    
In order to obtain the water saturation in the column, the mass conservation equation for water is solved: 0





z
q
t
S ww  
Eq. 8 can then be expressed as: 
 
0])[
)(
( 







g
z
P
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k
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S c
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In Eq. 9 above, the capillary effect term is represented by
z
Pc


, while the gravity effect term is represented by g  
Iglauer and Muggeridge (in press), derived a relationship to determine the dominating forces during a drainage process. 
gH
P
g
z
P
N wc
Sc
c
Gpc
 





,
/
 
where 
wcSc
P
,
is the maximum value of capillary pressure measured at connate water saturation, H is the total drainage height       
(100cm in experiment). They concluded that if this number is greater than 1 then capillary effects dominate the drainage, but if 
its less than 1, then gravity effects dominate the flow.  
 
Inputting experimental parameters gives an 
Gpc
N
/
 value of 0.5, which suggests that indeed gravity dominates the flow. 
Cardwell and Parson (1949) derived an equation for gravity dominated drainage when air mobility is much larger than that of 
the draining water, Eq. 9 becomes: 
 
0

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


z
kgk
t
S rw
w
w


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However, if drainage is dominated by capillary forces, Eq. 9 becomes: 
0)( 







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P
k
z
k
t
S c
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w

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Analysis was also carried out on the columns exposed to tidally induced pressure waves. Data from column 4 was most reliable 
and hence used for analysis.  Fig. 11 shows water saturation plots against time at different depths of the column.  Data for the 
80cm and 90cm depths were discarded because the electrodes at these depths gave anomolous measurements, possibly due to 
corrosion. 
 
Noteable features observed in the water saturation plots: 
 
  Highest changes in saturation occurred in the middle of the transition zone (30-60cm) with very high amplitudes. 
  The smallest effect /change in the saturation is observed at the topmost channels at 10-20 cm depth. The waves    
                observed here are almost straight lines with very negligible peak-to-peak amplitudes. This is because the effect of the   
                tidal waves did not impact this region.  This may mean that tidal waves have little or no effect on the saturations in      
                the region above the transition zone. 
  Towards the bottom of the column, 70cm depth, the water saturation wave was deformed/ truncated. 
  
(9) 
(10) 
(11) 
(12) 
(8) 
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Fourier analysis of the data 
This section gives a brief overview of the Fourier analysis of the water saturation waves using MATLAB.  The Fourier 
transform of this signal was used to deconstruct the signal into its constituent frequencies. It was also used to filter out noise 
from the signal and to reproduce a compact representation of the signal so as to observe the different frequency components of 
the signal and the amplitude of the pressure changes they generate. The frequency spectrum of the signal allows the signal to be 
viewed in the frequency domain. Fast Fourier transform of the signal was used to confirm that the water saturation waves 
mirrored the input tidal pressure waves. 
 
The mathematical form of the wave induced: 
 )).10*4074.1cos((2.0)cos(5.0)( 14 tsradmtAtf t
 
  
 where At = peak-to-peak amplitude of input signal (0.4m), ῳ is the angular frequency, t=time (seconds). 
     
          
                 Figure 4 : Frequency spectrum of the water saturation signals at 80, 60, 40 and 20cm depths.                      
Fig. 4 shows the the frequency spectrum for the water saturation signals at different depths. The signals at the different depths 
have their frequency components occurring at the same frequency, but at different peak-to-peak amplitudes. At 80cm depth, 
harmonic components of the signal are observed, but at very small magnitudes. Five significant harmonic components with 
larger magnitudes are observed from the signal within the transition zone at 60-40cm depth. At the top of the column, 20cm 
depth, the harmonic components are no longer visible; as the tidal effects did not reach this region. 
Only the saturation waves at 40-50cm depths, replicate the input tidal wave signal. 
 
For a cosine wave: 
)8cos()6cos()4cos()2cos()( 43210 tAtAtAtAAtf    
Therefore, at 40cm depth, from the frequency spectrum, the signal is:  
)410*27.4cos(05.0)410*91.2cos(1.0)410*45.1cos(2.04.0)( ttttf   
Appendix C, Fig.C-1 shows the frequency spectrum plot for the water saturation at other column depths not included here.  
(13) 
(14) 
(15) 
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Numerical simulation 
Numerical simulation was performed to model the experiment using the experimental data from Iglauer and Muggeridge 
(Private communication).This model was built with a commercial reservoir simulator, ECLIPSE 100. Laboratory 
measurements of properties were used as input where available. 
Rock and fluid properties of experimental and reservoir model are given in table 2. Other properties can be found in 
appendix B, table B-1. Fig. 5 gives the relative permeability curves that were used in the simulation study, using Wyllie’s 
correlation, Wyllie and Rose (1950) for water and gas relative permeability.This was obtained by history matching the water 
saturation plots from simulation results, with the experimental results for the first hour of drainage, this is shown in Fig.7. 
 
 
 
  
Figure 5 : Gas and water relative permeability used in simulation                 Table 2: Summary of rock and fluid properties    
                                                                                                                used in simulation                                                                                                             
 
      The first model built simulated simple gravity drainage. This model demonstrated the interaction between gravitational and 
capillary forces during gravity drainage and its impact on the gas-water contact. Grid refinement studies was carried out to 
ensure adequate resolution of the flow and to reduce the effect of numerical dispersion. A grid block size of [1 1 44] in the x, y 
and z directions respectively was chosen as further grid refinements showed negligible effect on the results. A gas injection 
well was placed at the top of the model, in the topmost gridblock, while a water production well is placed at the bottommost 
gridblock in order to simulate the experimental work in the laboratory. The production well was set to be controlled by the 
bottom hole pressure (BHP), which is set to 1.0 atm, while the injection well was controlled by voidage replacement.The 
reservoir pressure is also set to 1.1atm. Laboratory units were used in the simulation.  
 
 
The second model built is the tidally induced pressure changes system based on pulsed water injection.  An artificial 
oscillation in pressure is induced using this mechanism; Following Ivanov and Araujo (2006). This model investigated the 
influence of tidally induced pressure changes on the water saturation in a transition zone. Two water wells were modelled, an 
injector and a producer. Both wells were connected to the bottommost gridblock [1 1 44]; Tidal pressure varations was 
modelled by the alternate switching of the wells, for a time period of 12 hours. 
In the experimental set-up, a ±20cm amplitude in water head corresponded to a pressure wave amplitude of 2000Pa 
(0.02atm). To obtain this same pressure amplitude in the simulations, different rates are simulated until pressure amplitude of 
0.02 atm is achieved when the wells are controlled by a water rate of 40cm
3
/hr. Figure 6 shows the input tidal pressure waves.  
The production of the water represents the drainage process where the saturation of the wetting phase decreases.  During 
the injection of water, the wetting-phase pushes the non-wetting phase (air) out of the pores, which is the imbibition process 
where the wetting phase saturation increases.   
 
 
Properties 
 
  
Value 
 
Porosity, fraction 
 
0.35 ± 0.03 
 
Permeability, K 
 
4.2D ± 0.4D 
 
Air Viscosity 
 
1.88 *10
-2
 Pa.s 
 
Brine Viscosity 
 
1.085 Pa.s 
 
Brine Density  
 
1040 Kg.m
-3
 
 
Air Density 
 
1.2  Kg.m
-3
 
 
Capillary Pressure 
)ln(, wcothrescc Sppp 
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Figure 6 : Input tidal pressure waves. 
The periodic wave in Fig.6 are the pressure fluctuations induced by the tides. In reality, the pressure waves should be 
sinusoidal, but this couldnt be easily modelled in the simulator, the sinusoidal waves were approximated to this sawtooth 
signal, with an approximate amplitude of 0.02 atm. 
 
Results and Discussion 
Experimental and numerical results have been analysed and compared. Data sets from corroded electrodes that were over 
exposed to brine and oxygen were discarded due to inconsistencies in results. 
Figure 7 details the history matching of the experimental and numerical results for the first hour, during gravity drainage. 
Three depths have been chosen for comparative purposes, 10cm, 50 cm and 90cm depths.  
 
 
 Figure 7: History matching of experimental and numerical results for first hour of gravity drainage 
Water saturation at the 10cm depth decreases instantly when the bottom and top of the column is opened in both 
experimental and numerical results. A saturation of ‘1’ is maintained at the bottommost channel (90 cm depth)  until the air 
penetrates  from the top to the bottom of the column.The time taken for the air to penetrate to 90cm depth is approximately 15 
minutes in both experimental and numerical analysis. The rate at which drainage occurred in the first hour of the experiment is 
in good agreement with the numerical results. 
 
Experimental and numerical results for gravity drainage:  
Discontinuities in the data series observed in the experimental results (Fig.8) at times 15-30 days occurred as a result of the 
spontaneous re-arrangement or re-packing of the sand grains, which enhanced gravity drainage. A few anomalies were 
observed, the highest saturation occured at the 80cm depth, higher than the saturation at 90cm depth, this was unexpected and 
was probably due to the packing density.  Water saturation at 60cm depth is also seen to be quite high, because the sandpack 
columns were not densely packed, and hence porosity was not constant through out the column. 
To determine the dominant acting forces, the saturation curve in Fig. 8 was split into early time and late time, at early time, 
both the power and the exponential law fitted the curves well, which means that at early time, both capillary and gravitational 
forces are significant, however exponential law (gravitational forces) was slightly more dominant because the curve fitting had 
higher R
2
 values. Appendix B, Table B-2 and B-3 shows the R
2
 values for the curve fitting at early and late times. The 
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experimental results and analysis are consistent with analysis carried out by Iglauer and Muggeridge (in press) as well as Di 
Donato et al (2006).  
 
       
   Figure 8: Experimental results of gravity drainage for 120 days in control column 1    
 
        
    Figure 9: Simulation results of gravity drainage for 120 days in control column 1    
Figure 8 and 9 compare the effects of gravity drainage on water saturation at different depths over time.At late time, 
experimental and simulation results were not in complete agreement; however, the results are qualitatively consistent in the 
overall behaviour. The saturation of the denser fluid (water) increases at the bottom in both results. After 120 days of gravity 
drainage, saturation at 90cm depth increased to 0.55 in the simulation results, while saturation at 90cm depth of experimental 
result increased to approximately 0.35.  
In addition to this, at late time, all the water is drained to the bottomost depth (90cm), with an irreducible water saturation 
of 0.1 in the simulation results, experimental results show that a lot of water is still retained in the column at the different 
depths. 
10 
The impact of tides on water saturation distribution   in the transition zone 
 
A final observation is in the time taken to reach capillary–gravity equilibrium, in simulation results; this is reached after 
approximately 120days however, capillary-gravity equilibrium is not reached at 120 days in the experiment. The correlation 
used for water and gas relative permeability, Wyllie’s correlation (Wyllie and rose, 1950) is a possible explanation for this. The 
relative permeability correlation did not match the actual relative permeabilities at low water saturations.  
Accurate relative permeability (Kr) data is essential for predicting the performance of 2-phase flow through a porous 
medium as the Kr data is a strong function of saturation. Relative permeability of fluids has been noted to have a high influence 
on the rate of gravity drainage. Other properties that influence gravity drainage include the rock-fluid system, properties of the 
porous media, fluids, pore structure, fluid viscocities and inter-facial tension between the rock and fluids (Li, 2006). 
 
Vertical saturation profile at different time steps:   Simulation           
              
 Figure 10(a): Vertical saturation profile for first 24 hours               Figure 10(b): Vertical saturation profile for remaining 120 days.  
                                                                                                
 
Figure 10(a) and 10(b) are the vertical saturation profiles of the grid, showing how saturation changes with height, as a 
function of time. Figure 10 (a) represents the first 24 hours of the experiment. At the start of the experiment, there is a uniform 
100% saturation in all the the gridblocks. Saturation in the topmost gridblock begins to decrease with the simulateous 
production of water and injection of air into the grid. As the air travels from top to bottom, saturation at every height decreases.  
Fig. 10(b) is the saturation profile when both wells were shut, the residual water in the grid cells drained down under free-
fall gravity and accumulated at the bottom as observed in the experiment. After 120 days, water saturation at the bottom grid 
cells is seen to increase significantly, while saturation at the top reduced. A stable water saturation versus depth profile  is also 
noticed at time t=90 days. 
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Experimental and numerical results for tidally influenced gravity drainage: 
Figure 11 and 12 show the saturation profile over time for the columns exposed to tidally induced pressure changes. 
Experimental and numerical results are in good agreement, both demonstrating the fluctuations in the water saturations in the 
transition zone.  
 
 
  Figure 11: Experimental results showing water saturation in column exposed to tidal forces versus elapsed time. 
 
  
    
Figure 12: Numerical results showing water saturation in column exposed to tidal forces versus elapsed time. 
A well-defined continuous wave train is observed in the saturation profile at the transition zone. The amplitudes of the 
waves produced during the time duration of 90 days in both experimental and numerical results remained essentially constant 
throughout the entire run. Maximum vertical displacements of water in the experiment led to a maximum water saturation of 
0.75, while simulation results had a maximum water saturation of approximately 0.9. At these saturations, the wave forms 
became truncated. More noticeable is the effect of the tidal forces which significantly increased the water saturation in the 
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transition zone when compared with the saturation profile of the columns under gravity drainage It is also evident that 
maximum fluctuations in water saturation occured at the transition zone depths, both in numerical and experimental results.  
 
Localized pressures were developed from the tidal pressure changes which were sufficient to allow the incoming fluid, 
water to enter the porous medium, and hence push the air upwards.Satisfactory consistency between numerical and 
experimental results from tidal wave experiment is demonstrated. 
Prediction of the Transition Zone 
Plots of column height against water saturation distribution were taken before and after the gridcells were exposed to the tidally 
induced pressure changes to observe any notable changes in the transition zone and the oil water contact depths. Fig. 13 
demonstrates the capillary pressure curves for the synthetic reservoir model under gravity drainage, compared with the model 
exposed to tidally induced pressure changes. Numerical results have been used for this analysis because in experimental 
results, saturation is not smoothly varying with depth (Appendix B, Fig B-5); possibly due to packing heterogeneity or the fact 
that saturation cannot be determined quantitatively from resisitivity.  
 
             
                                          
Figure 13: Capillary pressure curves, showing the effects of tidal forces. 
 
 
Capillary pressure curves are used to study the fluid saturation distribution in a reservoir as well as to determine the height 
of the transition zone. The figure above is an illustration of the effects of tidally induced pressure changes on the saturation 
distribution of the water and air in the simulation results. It is evident from the figure, that the height/depth of the transition 
zone has been shifted upwards, by approximately 5cm. This will have an effect on the OOIP calculations for this reservoir, as 
reservoir engineers will be predicting a wrong air/water or oil /water contact depth, using Eq. 1 in this report. 
In addition to this, there is a significant increase in the water saturation in the transition zone, which inturn reduces the air 
saturation in this zone, when compared with the reservoir under natural gravity drainage. 
 
In real oil reservoirs, we expect to observe the same effects; however, due to the higher density and viscosity of oil, the 
changes in the oil-water contact depth and the saturation re-distribution in the transition zone will occur on a much longer time 
scale and at a slower rate.  
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Conclusions 
The impact of tidally induced pressure fluctuations in the transition zone of reservoirs was investigated by analysing data from 
previous experiments and performing numerical simulations. A comparison was made between reservoirs exposed to tidally 
induced pressure changes and reservoirs under gravity drainage. Based on results from analysis, the following conclusions 
have been drawn: 
 The effects of tidally induced pressure changes in reservoirs are very significant, especially in the transition zones. 
The oil/air saturation (lighter phase)  in the transition zone is lower as a result of the tidal effects that increase the water 
saturation by pumping  water upward, thereby altering the residual water saturation. 
 Tidal effects alter the capillary pressure profile of the reservoir by increasing the air (oil)-water contact depth which in 
turn influences calculations of original oil in place (OOIP). 
 
 
Further Work 
Satisfactory results have been obtained from the study, however, laboratory experiments and simulations are not sufficient to 
quantify the tidal effects on real oil reservoirs. The general ideas observed from the numerical and experimental analysis are 
expected to be valid for real field cases. Field data analysis was started using the Wytch farm field data in order to observe the 
influence of tidal pressure fluctuations. The Wytch farm field is an oil field which forms a part of the larger Wessex Basin, 
located in Dorset, south of England.  This reservoir model was chosen because it has a large body of aquifer, hence the 
groundwater waves can be easily modelled. In reality the Wytch farm field has a very sharp transition zone of < 10 m, but for 
this project, Leverett J-Function was used to upscale the transition zone to approximately 40 metres.  
This analysis was not completed, due to time constraints. For a more robust evaluation of tidally induced pressure 
fluctuations on oil reservoirs, this analysis should be completed and compared with experimental and numerical findings. 
 
 
 
 
NOMENCLATURE 
 
 a = Tortuosity factor in Archie’s law 
g = Gravitational constant (ms
-2 
) 
k = Absolute permeability (mD) 
kr = Relative Permeability 
m = Cementation exponent 
n = Saturation exponent in Archie’s law 
P = Pressure, (Pa, atm) 
Pc = Capillary pressure (Pa, atm) 
Pc,thres=           Threshold capillary pressure (pa) 
Sw = Water saturation (fraction) 
rw = Resistivity of brine (ohm m) 
r = Resistivity of sand pack (ohm m) 
R0 = Resistance between electrodes when Sw =1 (ohm)  
R = Resistance between electrodes (ohm) 
t = Time, (hr, and days) 
OOIP=            Original Oil-in-Place, RB 
z = Depth 
 
  
 
Greek Symbols 
Ф =          Porosity, fraction 
µ =          Viscosity, centipoise, cp 
          =           Water –air density difference (kg 
m3
)    
λ =          Mobility ratio. 
 
Subscripts 
a = Air 
w = Water 
n = Normalized 
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APPENDICES 
APPENDIX A: CRITICAL LITERATURE REVIEW 
Table A-1: Milestones of Key Contributors in Gravity Drainage Study in Reservoirs and Effect of Tidal Waves 
 
 
PAPER SOURCE 
 
YEAR 
 
TITLE 
 
AUTHOR(S) 
 
CONTRIBUTION 
 
Private 
Communication 
Private 
Commun-
ication 
 
“Tidal Influences on 
Vertical Oil-Water 
Distributions in 
Hydrocarbon 
Reservoirs” 
S.Iglauer, 
A.H Muggeridge 
Performed laboratory experiments 
to investigate the influence of 
tidally induced pressure changes on 
the air-water saturation distribution 
in a sand-pack column. 
 
Journal of Porous 
Media 
 
In press 
“Time Dependence of 
Free Fall Gravity 
Drainage in 
Unconsolidated Sand” 
S.Iglauer, 
A.H Muggeridge 
Performed laboratory experiments 
to determine the time dependence 
of the gravity drainage of brine 
through water wet porous medium. 
American 
Association of 
PhysicsTeachers 
[DOI:10.1119/1.14
98858] 
 
2002 
“A Dynamical Picture of 
the Oceanic Tides” 
Eugene I.Butikov 
 
Detailed explanation is given on 
tide-generating force as well as the 
dynamic theory of Tidal waves. 
 
SPE 949199, 
Junior Members 
AIME 
 
 
1948 
 
“Gravity Drainage 
Theory” 
 
Cardwell, W.T,JR., 
Parsons, R.L., 
This paper gave a good theoretical 
analysis of gravity drainage. 
Accounting for gravitational and 
capillary forces. 
 
Advances in Water 
Resources 26 
(2003) 1257–1266 
 
2003 
Drainage in finite-sized 
unsaturated Zones 
 
David A.Dicarlo Experimental, numerical and 
analytical analysis was used to 
determine the time it takes to reach 
capillary-gravity equilibrium as a 
function of porous media properties 
and length of the unsaturated zone. 
 
Journal of 
Petroleum Science 
and Engineering 54 
(2006) 55–69 
 
2006 
“Analytical and 
numerical analysis of oil 
recovery by gravity 
drainage” 
Ginevra Di Donato, 
Zohreh Tavassoli, 
Martin J. Blunt 
1-D analytical and numerical 
analysis was performed to derive 
equations that determine oil 
recovery, dependent on the 
dominant force (gravity or 
capillary). 
 
SPE 77543 
 
2005 
“Prediction of 
wettability variation 
within an oil/water 
transition zone and its 
impact on production” 
Matthew D.Jackson 
Per H.Valvatne 
Martin J.Blunt 
Discusses oil/water transition zones 
in oil reservoirs and factors that 
alter saturation distribution in the 
transition zone. 
 
Journal of 
Hydrology 
240(2001) 264-275 
 
2000 
 
“Cyclic hysteretic flow 
in porous medium 
column: model, 
experiment and 
simulations ” 
F.Stauffer*, 
W.Kinzelbach. 
Laboratory experiments were 
performed by imposing high 
frequency periodic pressure head at 
the lower end of the column to 
show a clear effect of the hysteresis 
phenomenon on the water content 
profile. 
 
SPE 99678 
 
2006 
 
“Dynamics of two-phase 
immiscible pulsed flow” 
D.A Ivanov, 
SPE 
M.Araujo 
Imperial College 
Discussed the principle of 
pulsed/cyclic water injection used 
to enhance oil recovery. 
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Title: Tidal Influences on Vertical Oil-Water Distributions in Hydrocarbon Reservoirs 
 
Authors: S.Iglauer, A.H Muggeridge (Private communication) 
 
Contribution to the Understanding of the Impact of Tides on Water Saturation in Reservoirs  
Laboratory experiments were perfromed to investigate the influence of tidally induced pressure changes 
on the air-water saturation distribution in a sand-pack column as a function of time and column height. 
 
Objective of the paper 
The objective of this paper was to observe and study the effects of the pressure waves in a porous medium 
at laboratory conditions, over a period of 3 months. Saturation in a column subjected to only gravity 
drainage was also observed for comparative reasons. The final objective was to identify and quantify the 
effects of tidal forces, and hence improve the prediction of oil volumes in newly discovered fields. 
 
Methodology  
Simple laboratory column experiments to mimic reservoir properties; modeling both tidal and gravity 
drainage phenomenon. Four unconsolidated sand packs containing air and brine were used, three of which 
were used as test columns, exposed to tidal waves, and the last one was a control column, subject to only 
gravity drainage. The tidal wave was simulated by moving a brine reservoir upwards and downwards by 
±20 cm over a period of 12 h 24 min. The Resistivities were measured at each depth, and were converted 
to saturation using Archie’s equation. 
 
Conclusions Reached 
 In transition zones of reservoirs exposed to significant tidal forces, the lighter phase saturation is 
lower than in comparable zones without such tidal effects 
 A scaling factor which takes tidal forces into account when correlating laboratory capillary 
pressure data to actual oil/water saturations in the transition zone is suggested. 
Comments 
Paper gives a good description of both laboratory experiments and conclusions. Some experimental data 
were discarded due to inconsistencies. Normalization method used for measured resistivity was not ideal. 
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Title: Time Dependence of Free Fall Gravity Drainage in Unconsolidated Sand 
 
Authors: S.Iglauer, A.H Muggeridge (in press) 
 
Contribution to the Understanding of the Impact of Tides on Water Saturation in Reservoirs  
Laboratory experiment was carried out to determine the time dependence of the gravity drainage of brine 
through water wet porous medium. 
 
Objective of the paper 
The objective of this paper was to observe and study the time dependence of the gravity drainage of brine 
through a water wet porous medium using continuous resistance measurements for 24 hours. This paper 
also studied the rate of gravity drainage, the functional form of its time dependence as well as the time 
scales for the fluid to reach capillary-gravity equilibrium. 
 
Methodology  
Simple laboratory column experiments to mimic reservoir properties, modeling the gravity drainage 
phenomenon. Sand pack columns were initially filled with 100% brine saturation, and then both the 
bottom outlet and top inlets were opened to allow air enter the top and then water drain down freely. 
Three identical sand pack columns were used and the continuous measurements of primary water 
drainage with height were taken. 
 
 
Conclusions Reached 
 Paper concluded that water drainage had a power law dependency on time, and hence drainage 
was dominated by gravity rather than capillary effects. 
 Stated the possibility that gravity drainage may be best described by exponential laws at longer 
time scales. 
 
Comments 
The author presented laboratory experiments and conclusions in a logical and systematic way; however 
noisy data prevented further analysis. Relative permeability data for water and air was not included in the 
report.  
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Paper: American Association of Physics Teachers: [DOI:10.1119/1.1498858] 
 
Title: A Dynamical Picture of the Oceanic Tides 
 
Authors:  Eugene I.Butikov 
 
 
Contribution to the Understanding of the Impact of Tides on Water Saturation in Reservoirs  
This paper gave a detailed explanation on tide-generating force as well as the dynamic theory of Tidal 
waves. This was a good introduction to the project. 
 
Objective of the paper 
The objective of this paper is to clarify the basic physics underlying the tidal phenomena. The 
mathematical expressions for the sun-and-moon induced forces at an arbitrary point on the earth are also 
derived. 
 
Methodology  
The underlying physics of tidal waves was explained with a simple model of the ocean that consists of a 
water shell of uniform depth. A computer simulation was also developed to aid in the understanding of 
the properties of the sun- or-moon induced tide generating forces. 
 
 
Conclusions Reached 
 Confusions on the origin and properties of tide-generating forces were discussed and clarified. 
 Equations for the horizontal and vertical components of the tidal force were derived and explained 
 Mathematical description of the tides as the forced oscillations of the ocean was also given. 
 
Comments 
Although this Paper did not directly contribute to the subject matter, it gave a clear and concise 
explanation of the tidal phenomena. Analysis of tidal forces in this paper was however based on sun-
induced tides only. 
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Paper:    SPE 949199, Junior Members AIME  
 
Title:      Gravity Drainage Theory 
 
Authors: Cardwell, W.T, JR., Parsons, R.L., 
 
Contribution to the Understanding of the Impact of Tides on Water Saturation in Reservoirs  
Theoretical analysis of gravity drainage and dominating forces was explained in details, which gave a 
better understanding of project. Experiment carried out by Iglauer (Private communication) is described 
here. 
 
Objective of the paper 
The objective of this paper was to give theoretical estimates for the rate of gravity drainage in a sand 
column.  
 
Methodology  
Theoretical equations for gravity drainage are derived, for either gravitational or capillary dominating 
forces. The derivation of these formular, starts from Darcy’s law, which explains the flow of fluid in a 
porous medium. Theoretical analysis was then confirmed by previously published experimental data. 
 
 
Conclusions Reached 
 Theoretical analysis of gravity drainage was done. Capillary pressure gradients were neglected, 
making gravitational forces dominant during gravity drainage. Author concluded that all oil-
bearing formations with a reasonably high permeability will obey the gravity drainage theory. 
 
Comments 
This paper was very relevant to this study.Author gave a clear explanation of the assumptions taken in the 
derivation of the equation governing gravity drainage.  
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 Paper:  Advances in Water Resources 26 (2003) 1257–1266 
 
Title: Drainage in finite-sized unsaturated Zones 
 
Authors: David A.Dicarlo 
 
Contribution to the Understanding of the Impact of Tides on Water Saturation in Reservoirs  
Experimental, numerical and theoretical analysis was used to determine the time it takes to reach 
capillary-gravity equilibrium as a function of porous media properties and length of the unsaturated zone. 
Similar to experiment performed by S.Iglauer. 
 
Objective of the paper 
The objective of this paper was to observe water drain out of a 1.6m long sand column in other to 
determine the relative effects of capillary and gravitational forces during drainage. A better understanding 
of which of the two regimes dominates as a function of time, soil property and distance to the water table 
was given. 
 
Methodology  
Measured water pressures in a draining column to determine how fast equilibrium is reached during 
gravity drainage in a relatively short column. Experiment was carried out for 2 weeks using different sizes 
of sand grains, ranging from medium-sized to finer sized sands. Numerical simulations of the drainage 
was also performed and found to agree well with pressure results. 
 
Conclusions Reached 
 Experiments showed that even in relatively short(<2m) unsaturated zones, water in a large portion 
of the zone flows under unit gradient for many weeks. 
 Experiments also showed that it takes a longer time to reach capillary-gravity equilibrium in 
coarse sands than in finer sand. 
 Numerical, analytical and experimental results were in good agreement. 
 
Comments 
The author presented a clear and concise understanding of which of the two regimes dominates as a 
function of time, soil property and distance to the water table. 
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Paper:  Journal of Petroleum Science and Engineering 54 (2006) 55–69 
 
Title: Analytical and numerical analysis of oil recovery by gravity drainage 
 
Authors: Ginevra Di Donato, Zohreh Tavassoli, Martin J. Blunt 
 
 
Contribution to the Understanding of the Impact of Tides on Water Saturation in Reservoirs  
Reservoirs are either exposed to tidal waves or subjected to only gravity drainage, therefore research on 
gravity drainage reservoirs are equally important.  
 
 
Objective of the paper 
1-D analytical and numerical analysis was performed to derive equations that determine oil recovery 
dependent on the dominant force (gravity or capillary) in dual porosity and dual permeability systems. 
 
 
Methodology  
A 1-D numerical model was built to simulate gas entering from the top of oil saturated column and oil 
drainage by accounting for gravity and capillary forces. The flow was also assumed to be incompressible. 
Dimensionless scaling groups were also derived, sensitivity analysis for different rock and fluid properties 
were carried out. 
 
Conclusions Reached 
 A ratio of gravity to capillary forces was defined to distinguish among different flow regimes in 
gas/oil gravity drainage. 
 Numerical  and theoretical analysis also demonstrated that when gravity is the dominant force, the 
oil recovery scales as a power law with time, but when capillary forces dominate, the oil recovery 
will have an exponential variation with time 
 
Comments 
Author gives very detailed explanation on the numerical simulation and theoretical work carried out, 
however the reservoir model used is a dual porosity or dual permeability model, which differs from the 
homogenous model used in experiment.  Theoretical solutions are however still applicable to homogenous 
reservoir models. 
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Paper:  Journal of Hydrology 240(2001) 264-275 
 
Title: Cyclic hysteretic flow in porous medium column: model, experiment and simulations 
 
Authors: F.Stauffer*, W.Kinzelbach. 
 
 
Contribution to the Understanding of the Impact of Tides on Water Saturation in Reservoirs  
This paper gave a better understanding of the vertical movement of the groundwater table and the 
subsequent cyclic response of the water content and pressure profiles. Similar experiment was carried out, 
and clear effects of the hysteresis in the water content profile was discussed. 
 
Objective of the paper 
Main objective of this paper was to build a 1-D saturated/unsaturated flow model based on Richards’ 
equations and the Mualem hysteresis model. Laboratory experiments were also performed with a vertical 
sand column by imposing a high frequency periodic pressure head at the lower end of the column. 
 
Methodology  
A 1-D numerical flow model was built to simulate hysteresis and take into account multi-cycle hysteresis 
effects in relation between capillary pressure and water content. Laboratory experiments were also 
performed with a vertical sand column by imposing a high frequency periodic pressure head at the lower 
end of the column. Total water voulume and periodic water content in each column was measured and 
averaged over time. 
 
 
Conclusions Reached 
 The simulations of the experimental conditions showed a clear effect of the hysteresis 
phenomenon on the water content profile 
 It was concluded that the presented hysteretic unsaturated flow model is able to reproduce the 
experimental data with high precision. 
 
Comments 
Very clear on methodology used, gave clearer insight to cyclic hysteresis in porous medium.  
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Paper:    SPE 99678 
 
Title:      Dynamics of two-phase immiscible pulsed flow. 
 
Authors: D.A Ivanov, SPE, M.AraujoSPE, Imperial College 
 
 
Contribution to the Understanding of the Impact of Tides on Water Saturation in Reservoirs  
This paper discussed pulsed water injection. Laboratory experiment was carried out in an homogenous 
packed glass bead cells, where injection was switched on/off using a timing device in the pumping 
system. 
 
Objective of the paper 
Main objective of this paper was to observe the effects of pulsed injection on oil-recovering and water 
breakthrough time in a homogenous packed glass bead cell. 
 
Methodology  
The bead pack had two inlets, located at the center of two sides. One port was used to inject the fluids and 
the other was used to collect and measure the produced fluids. Water was allowed to flow naturally in to 
the pack and fill the pore space; after which oil was injected in to the pack, displacing the water from the 
pore spaces till irreducible water saturation was reached. The next stage was water injection in a 
continuous and cyclic manner. 
 
Conclusions Reached 
 Author concluded that cyclic water injection provides a more efficient way to recover oil in the 
short and medium term when compared with continuous water flooding. 
 Experiments confirmed that the displacement front became more stable during cyclic water 
injection and hence a more efficient sweep was achieved. 
 
Comments 
Experiment on oil recovery is outside scope of project; however the pulsed injection mechanism 
implemented was of great interest. Report was concise and very clear on conclusions. 
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Paper:     SPE 77543 
 
Title:   Prediction of wettability variation within an oil/water transition zone and its impact on production 
 
Authors: Matthew D. Jackson, SPE, Per H. Valvatne*, SPE and Martin J. Blunt, SPE, Imperial College 
 
 
Contribution to the Understanding of the Impact of Tides on Water Saturation in Reservoirs  
This paper gave a good description of the transition zones of reservoirs. 
 
Objective of the paper 
The objective of this paper was to investigate and predicte the effect on production of wettability variation 
associated with an oil/water transition zone. 
 
Methodology  
A 3D network model was used in this study. This model combines a physically based pore-scale model of 
wettability alteration with a network representation of Berea sandstone. Two phase flow is then simulated 
for primary drainage and waterflooding, with the assumption that capillary forces dominate. 
 
Conclusions Reached 
 Author concluded that if the initial water saturation in a reservoir is governed by the balance of 
gravity and drainage capillary forces, wettability variations would make no difference to the 
production behavior. 
 The Author also noted that initial water saturation in a reservoir can be modified by movement of 
the free water level following reservoir filling and wettability alterations, so that dry oil production 
from the transition zone is observed. 
 
Comments 
Although this paper does not contribute directly to this study, it gives a good understanding of transition 
zones of reservoirs, which is the core of this project. It also discusses the effects of gravity and drainage 
forces on wettablity variations and hence oil production. 
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APPENDIX B: EXPERIMENTAL PROPERTIES AND RESULTS  
Further Experimental properties of air and brine not included in main body of report are summarized in 
the table below:
 
 
 
 
 
 
 
 
 
    
Experimental results Iglauer and Muggeridge (in press)  
Reliable results were seen in Column 1, snap shots of Iglauer and Muggeridge (in press) experimental 
results are shown below. Fig. B-1 and B-2 represent the saturation plots versus time for the different 
depths for the first hour and 24 hours after drainage.  
                         
 Figure B-1 : Saturation plot for 1st hour of drainage                 Figure B-2 Saturation plot for 24hours drainage. 
 Experimental results Iglauer and Muggeridge (private communication) on tidal effects. 
 
 
  Figure B-3: Resistivity at the different depths for time          Figure B-4: Saturation plots at different  depths, showing        
  duration of 90 days under primary gravity drainage              tidal effects for time interval (50-53.5 days) 
   
 
         
Properties  Value 
Brine electrical resistivity  0.127 Ohm.m 
Quartz resistivity 7.5 x 10
17
Ohm.m 
Air-brine interfacial tension 72 mN/m 
Ambient Conditions 0.101 MPa and 293.15
 o
K 
Reference Temperature 298.15
 o
K 
 TableB-1: Air and brine properties at ambient conditions 
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Table B-2 and B-3 show the R
2
 values for  curve fitting of exponential and power functions to gravity 
drainage curves for a 
duration of 120 days. 
The result was split into early time (day 1-day 15) and late time, (day 45- day 120) 
         
   Figure B-5: Saturation plot for gravity drainage for Day 1-15.                                                                                                                                                                       
           
   Figure B-6: Saturation plot for gravity drainage for Day 45- 120.             
                                                                                                                                              
 
Vertical saturation profile for column 1, under gravity drainage was discussed in the main body of the 
report. The figure below shows the change in saturation with column height, from column1 experimental 
data. Wavy change in saturation shows inhomogeneities in the sandpack column.  
                             
                            Figure B-7 : Vertical saturation profile for experimental column 1.  
Day 1-120  Equation R
2 
Value 
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Exponential Curve Fitting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Power Curve Fitting  
90cm y = 0.1895e
0.0048x
 R² = 0.5785 
80cm y = 0.255e
0.0037x
 R² = 0.5813 
70cm y = 0.0651e
-0.001x
 R² = 0.1673 
60cm y = 0.2023e
0.0028x
 R² = 0.6225 
50cm y = 0.0591e
-0.003x
 R² = 0.6725 
40cm y = 0.1611e
-0.001x
 R² = 0.3600 
30cm y = 0.0591e
-0.003x
 R² = 0.6725 
20cm y = 0.1103e
7E-05x
 R² = 0.0006 
10cm y = 0.0826e
-8E-04x
 R² = 0.4922 
Day 1-120  Equation R
2
 Value 
90cm y = 0.1263x
0.1847
 R² = 0.7707 
80cm y = 0.1875x
0.1403
 R² = 0.7687 
70cm y = 0.0788x
-0.069
 R² = 0.5288 
60cm y = 0.167x
0.0961
 R² = 0.6563 
50cm y = 0.0733x
-0.102
 R² = 0.812 
40cm y = 0.18x
-0.046
 R² = 0.6252 
30cm y = 0.0733x
-0.102
 R² = 0.812 
20cm y = 0.1126x
-0.004
 R² = 0.0018 
10cm y = 0.0892x
-0.032
 R² = 0.8279 
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APPENDIX C: MATLAB and ECLIPSE 
Matlab Results 
Fourier analysis of the water saturation waves was carried out using experimental data from column 4. 
This section is a continuation of the Fourier analysis section discussed in the main body. Frequency 
spectrum of the water saturation waves at other depths is shown below. The analysed signals had their 
frequency components occurring at the same frequency, but at different peak-to-peak amplitudes, 
depending on the column depth of the signal. The figures below represent the frequency spectrum plots 
for the water saturation at other depths not included in the main report.                     
 
  Figure C-1  : Frequency Spectrum plots of water saturation signal at column depths 70cm, 50cm, 30cm and 10cm.                         
 
Relative Permeability data 
 
Wyllie’s correlation for gas and water relative permeability: 
 
)*1.(*)1(
*)(
mm
rg
n
rw
SSK
sK


 
Where  
grwi
wiw
SS
SS
S



1
*  
Water Exponent n =3 
Gas Exponent, m=7 
Residual gas saturation (Sgr) = 0.2 
Irreducible water saturation (Swi) =0.15 
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Grid refinement study 
Grid refinement study was carried out using different grid sizes in order to minimize the effects of 
numerical dispersion. 
Figure C-2 shows plots of water saturation versus time for gravity drainage at 90cm depth, using different 
grid sizes. The sizes of each grid block were adjusted as appropriate, to make sure the length of the 
column (100cm) was constant. 
 
The rectangular model initially contained 11 grid blocks in the z-direction, 1 grid block in the x direction 
and 1 grid block in the y direction using the Cartesian coordinate system.The vertical grid blocks 
thickness of 10cm is assigned to the 9 middle layers, while the bottommost and topmost layer had a 
thickness of 5cm. A grid block size of [1 1 44] in the x, y and z directions respectively was chosen after 
grid refinement. 
 
 
Figure C-2: Grid refinement showing gravity drainage plots at 90cm depth using different grid   
                     sizes. 
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APPENDIX D: ECLIPSE DATA FILE FOR GRAVITY DRAINAGE MODEL  
 
--       SYNTHETIC MODEL.DATA. 1 * 1 * 44 GRID BLOCKS 
RUNSPEC 
--- 1-D Gravity Drainage for water and air 
----Author: Ore Kolawole 
     START 
   1  'JAN'  2011 / 
 
 
DIMENS 
 
-- nx   ny   nz 
    
   1   1   44  / 
 
CART 
 
 
--PHASES PRESENT 
 
WATER 
  
GAS 
 
 
-- UNITS 
 
LAB 
 
EQLDIMS 
-- num  num     max     max     max 
-- equ  depth  nodes    tab     tracer 
-- reg  nodes  VD tab   tracer  nodes 
    1   200     10       1        20   / 
 
TABDIMS 
-- num  num   max    max     max     
-- sat  pvt   sat   press    fip    
-- tab  tab  nodes  nodes   regions 
   1   1     60     60       1      / 
  
WELLDIMS 
-- max    max  max    max 
-- wells conn  groups wells/gr 
   4     40   1      4           / 
  
 
REGDIMS 
  1  1  0  0  / 
 
EQLOPTS 
  MOBILE   / 
 
NUPCOL 
    4  / 
 
PETOPTS                                
INITNNC / 
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NSTACK 
    5 / 
 
MONITOR 
UNIFOUT 
 
FMTOUT 
 
GRID     =============================================================== 
-------- IN THIS SECTION , THE GEOMETRY OF THE SIMULATION GRID AND THE 
-------- ROCK PERMEABILITIES AND POROSITIES ARE DEFINED. 
----------------------------------------------------------------------- 
INIT  
 
DX 
  44*2.5   / 
 
DY 
  44*2.5    / 
 
DZ 
  4*1.25  36*2.777 4*1.25    / 
 
PERMX 
 
  44*4000  / 
 
PERMY 
  44*4000   / 
 
PERMZ 
  44*4000   / 
 
PORO 
  44*0.35   / 
 
  
TOPS  
 1*0 / 
 
                               
GRIDFILE 
  0 1 / 
 
GRIDUNIT                             
  CM / 
 
MAPUNITS                             
  CM / 
 
MAPAXES                                
  0.00 -99.00 0.00 1.00 100.00 1.00 / 
                       
 
EDIT     =============================================================== 
  
PROPS    =============================================================== 
-------- THE PROPS SECTION DEFINES THE REL. PERMEABILITIES, CAPILLARY 
-------- PRESSURES, AND THE PVT PROPERTIES OF THE RESERVOIR FLUIDS 
---------------------------------------------------------------------- 
DENSITY 
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--    oil      water      gas          
--   gm/cc     gm/cc      gm/cc     
     
      0        1.04     0.00120   / 
 
ROCKOPTS 
   1*  1*  PVTNUM   / 
 
ROCK 
 
--    Pref    Compressibility 
----  atm       1/atm 
       1.0        2.40E-6  / 
       
FILLEPS 
 
SGWFN 
 
--      SGAS     KrG     Krw      Pcow           WATER-WET 
      0        0       1        0.021 
        0.1      1.05E-5 0.6869   0.0227 
        0.2      0.0005 0.4471   0.0240 
        0.3      0.0048 0.2709   0.0255   
        0.4      0.0221 0.1483   0.0273  
        0.5      0.0695 0.0698   0.02938  
        0.6      0.1748 0.0254   0.03189 
        0.7      0.3786 0.0054   0.0351 
        0.8      0.7385 0.0002   0.0397    
        0.9      1      0.0      0.0475   / 
           
/        
 
PVDG 
--atm     rcc/scc         cp 
  0.90      1.1          0.0188 
  0.99         1           0.01889 
  
/   
PVTW 
 
--    Pref        Bw          Cw           Vw         Cvw 
--    atm       rcc/scc      1/atm         cp        1/atm 
       
      1         1*         2.04E-6       1.085        0.001    / 
 
RPTPROPS 
  'PVTW'  / 
 
REGIONS  =============================================================== 
-------- THE REGIONS SECTION DEFINES HOW THE RESERVOIR IS SPLIT INTO 
-------- REGIONS BY SATURATION FUNCTION, PVT FUNCTION, FLUID IN PLACE 
-------- REGION ETC. 
------------------------------------------------------------------------ 
 
SATNUM 
    44*1        /  
EQLNUM 
    44*1  / 
 
PVTNUM 
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    44*1  / 
 
SOLUTION =============================================================== 
-------- THE SOLUTION SECTION DEFINES THE INITIAL STATE OF THE SOLUTION 
-------- VARIABLES (PHASE PRESSURES, SATURATIONS AND GAS-OIL RATIOS) 
------------------------------------------------------------------------ 
 
EQUIL 
 
--    DATUM   DATUM    OWC     OWC    GOC    GOC    RSVD   RVVD   SOLN 
--    DEPTH   PRESS    DEPTH   PCOW  DEPTH   PCOG  TABLE  TABLE   METH 
       
      1 1.1  0     0      0      0     0       0     -2      / 
  
RPTRST 
  'BASIC=2'  / 
 
SUMMARY ================================================================ 
-------- THIS SECTION SPECIFIES DATA TO BE WRITTEN TO THE SUMMARY FILES 
-------- AND WHICH MAY LATER BE USED WITH THE ECLIPSE GRAPHICS PACKAGE 
------------------------------------------------------------------------ 
DATE 
 
RPTSMRY 
1 / 
 
FGIR 
FWPR 
---gives saturation at the different column/grid depths 
BSWAT 
1 1 1 / 
1 1 4 / 
1 1 8 / 
1 1 20 / 
1 1 24 / 
1 1 28 / 
1 1 32 / 
1 1 36 / 
1 1 40 / 
1 1 44 / 
/ 
TIMESTEP 
EXCEL 
 
RUNSUM 
 
SCHEDULE =============================================================== 
-------- THE SCHEDULE SECTION DEFINES THE OPERATIONS TO BE SIMULATED 
------------------------------------------------------------------------ 
 
RPTSCHED 
     'RESTART=1' 'SWAT' 'PRES' / 
      
RPTRST 
  'BASIC=2'  / 
WELSPECS 
 
--     WELL    GROUP  LOCATION   BHP     PHASE 
--     NAME    NAME    I   J     DEPTH   DEFN 
       
      'PROD'   'G'      1  1    1*     'WATER' / 
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      'INJ'    'G'      1  1     1*     'GAS'  / 
/ 
      
COMPDAT  
 
--     WELL      LOCATION     OPEN/  SAT   CONN   WELL   
--     NAME    I  J  K1  K2   SHUT   TAB   FACT   ID    
       
      'PROD'    1 1  37   40   'OPEN'   1*   -1  .1      / 
      'INJ'     1 1  1    4     'OPEN'   0    -1   .1      / 
/  
--- Injection of gas and production of water.  
 
WCONPROD 
 
--      WELL    OPEN/  CNTL    OIL    WATER   GAS     LIQU   RES     BHP 
--      NAME    SHUT   MODE    RATE   RATE    RATE    RATE   RATE 
        
       'PROD'  'OPEN'  'BHP'   1*    1*    1*    1*   1*   1.0 / 
/        
WCONINJ 
 
--      WELL   INJ     OPEN/  CNTL   WATER  RES     BHP 
--      NAME   TYPE    SHUT   MODE   RATE   RATE 
        
       'INJ'  'GAS'   'OPEN' 'RESV'   1* 1E10 1  FVDG   1.3 / 
--/ 
TUNING 
0.01  0.01 / 
/ 
/ 
  
TSTEP 
120*0.2 / 
--shut both wells after 24hrs of drainage, and allow gravity drainage for 120 days. 
 
WELOPEN 
---    WELL   SHUT/ 
---    NAME   OPEN 
        
      'PROD'  'SHUT'     / 
      'INJ'   'SHUT'    / 
/ 
TUNING 
0.02  0.02 / 
/ 
/  
TSTEP 
120*0.2  
60*48 
/ 
 
RPTSCHED 
 'RESTART=1' / 
END      ============================================================== 
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APPENDIX E: ECLIPSE DATA FILE FOR TIDAL WAVE SIMULATION  
 
--       SYNTHETIC MODEL.DATA. 1 * 1 * 44 GRID BLOCKS 
RUNSPEC 
TITLE 
  1-D ECLIPSE MODEL 
 
START 
   1  'JAN'  2011 / 
 
DIMENS 
 
-- nx   ny   nz 
    
   1   1    44  / 
 
CART 
 
--PHASES PRESENT 
 
WATER 
  
GAS 
 
-- UNITS 
 
LAB 
 
EQLDIMS 
-- num  num     max     max     max 
-- equ  depth  nodes    tab     tracer 
-- reg  nodes  VD tab   tracer  nodes 
    1   200     10       1        20   / 
 
TABDIMS 
-- num  num   max    max     max     
-- sat  pvt   sat   press    fip    
-- tab  tab  nodes  nodes   regions 
    2   1     60     60       1      / 
  
WELLDIMS 
-- max    max  max    max 
-- wells conn  groups wells/gr 
   4     40    1      4           / 
 
REGDIMS 
  1  1  0  0  / 
 
EQLOPTS 
  MOBILE   / 
 
NUPCOL 
    4  / 
 
SATOPTS 
'HYSTER' / 
 
PETOPTS                                
INITNNC / 
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NSTACK 
    10/ 
 
MONITOR 
  
UNIFOUT 
FMTOUT 
 
GRID     =============================================================== 
-------- IN THIS SECTION , THE GEOMETRY OF THE SIMULATION GRID AND THE 
-------- ROCK PERMEABILITIES AND POROSITIES ARE DEFINED. 
----------------------------------------------------------------------- 
 
INIT  
 
DX 
  44*2.5   / 
 
DY 
  44*2.5    / 
 
DZ 
  4*1.25  36*2.777 4*1.25      / 
 
PERMX 
 
  44*4000  / 
 
PERMY 
  44*4000   / 
 
PERMZ 
  44*4000   / 
 
PORO 
  44*0.35   / 
 
  
TOPS  
 1*0 / 
 
                            
GRIDFILE 
  0 1 / 
 
GRIDUNIT                             
  CM / 
 
MAPUNITS                             
  CM / 
 
MAPAXES                                
  0.00 -99.00 0.00 1.00 100.00 1.00 / 
 
EDIT     =============================================================== 
  
PROPS    =============================================================== 
-------- THE PROPS SECTION DEFINES THE REL. PERMEABILITIES, CAPILLARY 
-------- PRESSURES, AND THE PVT PROPERTIES OF THE RESERVOIR FLUIDS 
---------------------------------------------------------------------- 
DENSITY 
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--    oil      water      gas          
--   gm/cc     gm/cc      gm/cc     
      0        1.04     0.0060   / 
 
ROCKOPTS 
   1*  1*  PVTNUM   / 
 
ROCK 
 
--    Pref    Compressibility 
----  atm       1/atm 
       1.0        2.40E-6  / 
FILLEPS 
 
SGWFN 
--      SGAS     KrG     Krw      Pcow           WATER-WET drainage 
       0        0      1        0.021  
        0.1      1.05E-5 0.6869  0.0227 
        0.2      0.0005 0.4471   0.0240   
        0.3      0.0048 0.2709   0.0255    
        0.4      0.0221 0.1483   0.0273    
        0.5      0.0695 0.0698   0.0293  
        0.6      0.1748 0.0254   0.0318  
        0.7      0.3786 0.0054   0.0351 
        0.8      0.7385 0.0002   0.0397    
        0.9      1      0.0      0.0475 / 
     
--      SGAS     KrG     Krw      Pcow           WATER-WET imbibition 
       0        0      1        0.00 
        0.1      1.05E-5 0.6869  0.0 
        0.2      0.0005 0.4471   0.012 
        0.3      0.0048 0.2709   0.0138 
        0.4      0.0221 0.1483   0.015 
        0.5      0.0695 0.0698   0.017 
        0.6      0.1748 0.0254   0.0182 
        0.7      0.3786 0.0054   0.0195 
        0.8      0.7385 0.0002   0.0211    
        0.9      1      0.0      0.0475   / 
 
PVDG 
--atm     rcc/scc         cp 
  0.90      1.1            0.0188 
  0.99         1           0.01889      /  
PVTW 
 
--    Pref        Bw          Cw           Vw         Cvw 
--    atm       rcc/scc      1/atm         cp        1/atm 
       
      1.1         1*         2.04E-6       1.085        0.001    / 
 
RPTPROPS 
  'PVTW'  / 
 
REGIONS  =============================================================== 
-------- THE REGIONS SECTION DEFINES HOW THE RESERVOIR IS SPLIT INTO 
-------- REGIONS BY SATURATION FUNCTION, PVT FUNCTION, FLUID IN PLACE 
-------- REGION ETC. 
------------------------------------------------------------------------ 
SATNUM 
    44*1   
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       /  
IMBNUM 
    44*2/ 
 
EQLNUM 
    44*1  / 
 
PVTNUM 
    44*1  / 
 
SOLUTION =============================================================== 
-------- THE SOLUTION SECTION DEFINES THE INITIAL STATE OF THE SOLUTION 
-------- VARIABLES (PHASE PRESSURES, SATURATIONS AND GAS-OIL RATIOS) 
------------------------------------------------------------------------ 
EQUIL 
 
--    DATUM   DATUM    OWC     OWC    GOC    GOC    RSVD   RVVD   SOLN 
--    DEPTH   PRESS    DEPTH   PCOW  DEPTH   PCOG  TABLE  TABLE   METH 
       
       1 1.1  0     0      0      0     0       0     -2      /  
 
RPTRST 
  'BASIC=2'  / 
 
 
SUMMARY ================================================================ 
-------- THIS SECTION SPECIFIES DATA TO BE WRITTEN TO THE SUMMARY FILES 
-------- AND WHICH MAY LATER BE USED WITH THE ECLIPSE GRAPHICS PACKAGE 
------------------------------------------------------------------------ 
DATE 
 
RPTSMRY 
1 / 
 
FWPR 
FWIR 
 
BSWAT 
1 1 1 / 
1 1 2 / 
1 1 3 / 
1 1 4 / 
1 1 5 / 
1 1 6 / 
1 1 7 / 
1 1 8 / 
1 1 9 / 
1 1 10 / 
1 1 11 / 
1 1 20 / 
1 1 21 / 
1 1 22 / 
1 1 36 / 
1 1 37 / 
1 1 40 / 
1 1 42 / 
1 1 44 / 
/ 
 
/TIMESTEP 
EXCEL 
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RUNSUM 
SCHEDULE =============================================================== 
-------- THE SCHEDULE SECTION DEFINES THE OPERATIONS TO BE SIMULATED 
------------------------------------------------------------------------ 
 
NOECHO 
 
RPTSCHED 
     'RESTART=1' 'SWAT' 'PRES' / 
      
RPTRST 
  'BASIC=2'  / 
WELSPECS 
 
--     WELL    GROUP  LOCATION   BHP     PHASE 
--     NAME    NAME    I   J     DEPTH   DEFN 
       
      'PROD'   'G'      1  1     1*     'WATER'  / 
      'INJ'    'G'      1  1     1*     'GAS'   / 
      'INJ1'   'G'      1  1     1*     'WATER' / 
      'PROD1'  'G'      1  1     1*     'WATER' /  
/ 
       COMPDAT  
 
--     WELL      LOCATION     OPEN/  SAT   CONN   WELL   
--     NAME    I  J  K1  K2   SHUT   TAB   FACT   ID    
       
      'PROD'    1 1  37   40   'OPEN'   1*   -1  .1         / 
      'INJ'     1 1  1    4     'OPEN'   0   -1   .1      / 
      'INJ1'    1 1  37   40    'OPEN'   1*  -1   .1    / 
      'PROD1'   1 1  37   40   'OPEN'   1*   -1  .1      / 
/  
 
WCONPROD 
 
--      WELL    OPEN/  CNTL    OIL    WATER   GAS     LIQU   RES     BHP 
--      NAME    SHUT   MODE    RATE   RATE    RATE    RATE   RATE 
        
       'PROD'  'OPEN'  'BHP'   1*    1*    1*    1*   1*   0.7/ 
       'PROD1' 'SHUT'  'WRATE'   1*   40   1*    1* 40   0.7 / 
/        
  
WCONINJE 
 
--      WELL   INJ     OPEN/  CNTL   WATER  RES     BHP 
--      NAME   TYPE    SHUT   MODE   RATE   RATE 
        
       'INJ1'  'WATER'   'SHUT' 'RATE'  40    1*     1.3 / 
/ 
 
WCONINJ 
 
--      WELL   INJ     OPEN/  CNTL   WATER  RES     BHP 
--      NAME   TYPE    SHUT   MODE   RATE   RATE 
              'INJ'  'GAS'   'OPEN' 'RESV'   1* 1E10 1  FVDG   1.3 / 
/ 
 
--/ 
TUNING 
0.2 / 
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/ 
/  
  
TSTEP 
24 / 
 
WELOPEN 
---    WELL   SHUT/ 
---    NAME   OPEN 
        
      'PROD'  'SHUT'     / 
      'INJ'   'SHUT'    / 
 
/ 
TUNING 
0.01  0.01 / 
/ 
/  
 TSTEP 
6 / 
WELOPEN 
---    WELL   SHUT/ 
---    NAME   OPEN 
        
      'PROD1'  'SHUT'     / 
      'INJ1'   'OPEN'    / 
/ 
TUNING 
0.2 / 
/ 
/ 
TSTEP 
6 / 
 
WELOPEN 
---    WELL   SHUT/ 
---    NAME   OPEN 
        
      'PROD1'  'OPEN'     / 
      'INJ1'   'SHUT'    / 
/ 
TUNING 
0.2 / 
/ 
/ 
 
TSTEP 
6 / 
WELOPEN 
---    WELL   SHUT/ 
---    NAME   OPEN 
        
      'PROD1'  'SHUT'     / 
      'INJ1'   'OPEN'    / 
/ 
TUNING 
0.2 / 
/ 
/ 
 
TSTEP 
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6 / 
 
WELOPEN 
---    WELL   SHUT/ 
---    NAME   OPEN 
        
      'PROD1'  'OPEN'     / 
      'INJ1'   'SHUT'    / 
/ 
TUNING 
0.2 / 
/ 
/ 
 
TSTEP 
6 / 
 
WELOPEN 
---    WELL   SHUT/ 
---    NAME   OPEN 
        
      'PROD1'  'SHUT'     / 
      'INJ1'   'OPEN'    / 
/ 
TUNING 
0.2 / 
/ 
/ 
 
TSTEP 
6 / 
 
WELOPEN 
---    WELL   SHUT/ 
---    NAME   OPEN 
        
      'PROD1'  'OPEN'     / 
      'INJ1'   'SHUT'    / 
/ 
TUNING 
0.2 / 
/ 
/ 
 
TSTEP 
6 / 
 
---Continous run for 120 days. 
